Interleukin (IL)-10 is a regulatory cytokine of the helper T cell type 2 (TH2) pathway, which underlies both the host defense to helminthic infection and atopic diseases, including asthma. Although IL10 promoter polymorphisms are associated with increased atopy risk, IL10 variation has not been thoroughly explored in schistosomiasis-endemic populations. Three atopyrelated IL10 promoter polymorphisms (rs1800896, rs1800871 and rs1800872), complemented by six tagging single-nucleotide polymorphisms (SNPs), were genotyped in 812 individuals in 318 nuclear families from a schistosomiasis-endemic area in Brazil. Associations between markers and total serum Immunoglobulin E (tIgE) levels, indicating non-specific activation of the TH2 pathway, and Schistosoma mansoni fecal egg counts, indicating burden of infection reflecting effectiveness of schistosomiasis host immunity, were performed using family-based transmission disequilibrium tests for quantitative traits (QTDTs). Alleles A, T and A at the three promoter SNPs rs1800896, rs1800871 and rs1800872 were associated with high tIgE levels in the same direction as in atopy populations (P ¼ 0.0008, 0.026 and 0.045), but not with egg counts. IL10 promoter polymorphisms appear to influence non-specific tIgE levels, but not schistosomiasis-specific immunity. The tagging SNP rs3024495 was associated with high S. mansoni egg counts (P ¼ 0.005), suggesting a novel locus in IL10 may influence clinically relevant burden of infection.
Introduction
The worldwide prevalence of schistosomiasis is high at 200 million infected individuals, constituting a substantial public health burden. 1 Control of schistosomiasis is cumbersome, and reinfection after treatment is common. 1 These obstacles have motivated research to better understand schistosomiasis host immunity to identify those individuals susceptible to greatest intensity of infection for targeted treatment and prevention. 2 Host immune response to microbial infection involves differentiation of helper T cells into two major subtypes known as TH1 and TH2 cells. Although TH1 cells elicit cellular immunity against intracellular bacteria and viruses, infection by helminths, including Schistosoma mansoni, induces a TH2 humoral response, accompanied by release of the cytokines Interleukin (IL)-4, IL-5 and IL-13. 3, 4 Effector mechanisms of TH2 activation result in acquired immunity through antibody-dependent cellular cytotoxicity mediated by production of IgE antibodies and eosinophils. 3, 4 Upstream of the TH2 pathway, IL-10 is implicated in negotiating the balance between TH1 and TH2 immunity, involving a third class of T reg cells. 5, 6 During chronic schistosomiasis infection, IL-10 production also reduces collateral tissue damage and TH2-induced fibrosis in the liver [7] [8] [9] [10] in response to deposition of S. mansoni eggs. 4 In addition to have a function in host defense against helminthic infection, the TH2 pathway is pathologically activated in atopic diseases (including asthma) in response to stimulus by environmental allergens. 11 In areas endemic for helminths, the population is exposed to both helminths and allergens, and it has been demonstrated that IL-10 has a central role in suppressing atopy TH2 effector mechanisms during chronic schistosomiasis infection. 12, 13 At the population level, observational studies have established that allergic disease prevalence is higher in individuals after treatment for helminthic infection, 14 and that asthma symptoms are less severe among infected individuals. 15 Given the prominent regulatory role of IL-10 in schistosomiasis host response, it is of interest whether genetic variation in the IL10 gene or in its promoter region influences host immunity or infection intensity.
Previous studies in diverse atopy populations have shown the IL10 promoter polymorphisms rs1800896 (or -1082A/G), rs1800871 (or -819C/T) and rs1800872 (or -571C/A) are associated with both high total serum Immunoglobulin E (tIgE) levels and higher risk for asthma or other atopic conditions. 16 The impact of IL10 genetic variation on schistosomiasis has not been studied, however. 2, 17 In vitro functional studies have shown individuals with the 'GCC' haplotype at promoter polymorphic sites rs1800896, rs1800871 and rs1800872 produced high levels of IL-10 in peripheral blood mononuclear cell culture, whereas individuals with the 'ATA' haplotype had a lower rate of transcription, producing lower levels of IL-10. 18 Differential levels of IL-10 production may also impact outcomes in a population endemic for schistosomiasis. We therefore initially selected these three single-nucleotide polymorphisms (SNPs) in the IL10 promoter, and added tagging SNPs to cover the gene.
The availability of two quantitative traits not previously investigated in tandem provided the opportunity to dissect involvement of genetic variation on two critical features of host immunity. The first quantitative trait, total serum IgE levels, represents early activation of TH2 immunity, and higher tIgE levels indicate greater intensity of TH2 pathway activation. The second quantitative trait, S. mansoni egg counts, represents impact of host immunity, such that fewer infective S. mansoni cercariae reaching the adult egg-laying stage are observed as lower S. mansoni egg counts. S. mansoni egg counts therefore quantifies overall effectiveness of schistosomiasis host immunity, including TH2 activation and effector mechanisms. We aimed to determine whether variants across IL10, including the promoter region, are associated with tIgE levels and S. mansoni egg counts in Brazilian S. mansoni-endemic study populations.
Results and discussion

Study design and clinical characteristics
We collected questionnaire data, blood and stool samples on 812 subjects recruited under a whole population ascertainment scheme from Conde, Bahia conducted in 2004 (as described previously). 19 The population of Brazil is genetically admixed and represents a mixture of West African, European and Amerindian ancestral populations, with substantial African ancestry in the state of Bahia. 20 Pedigree data on study subjects and their relatives were assembled, retaining only subjects with phenotype data and connecting family members, resulting in two large pedigrees with 535 and 310 individuals each, 38 families with three to 36 members and 44 singletons. These families were broken down into 318 nuclear families for genetic association tests. Basic demographic information, smoking status or household exposure to smoke, helminthic treatment history and an assessment of exposure to infested water were gathered by interview. Study subjects were classified as having no exposure, low (o1 h per week), medium (1-3 h per week) or high (1-3 h per day) exposure based on individual-level data and environmental snail sampling. The research protocol was approved by institutional review boards at Johns Hopkins University School of Medicine and the Federal University of Bahia and was endorsed by the National Commission for Ethics in Human Research in Brazil as described previously. 19 The Kato-Katz method 21, 22 was used to determine S. mansoni egg counts on three to five stool samples from 620 individuals as described previously. 19 Presence of Ascaris lumbricoides, Trichuris trichiura and hookworm eggs was also determined. Total serum IgE levels were measured using chemiluminescence (ADVIA Centaur Bayer Corporation) in Salvador, Brazil.
Clinical characteristics for the Brazilian study population from Code, Bahia in Brazil are presented in Table 1 for 812 subjects, including 222 founders. More detailed clinical characteristics on this study population appeared elsewhere. 19 Data on tIgE levels and S. mansoni egg counts were available on 572 and 397 individuals, respectively. There were fewer male than female subjects (44.2% males), and the mean age of the population was 27 years. The proportion infected with S. mansoni was 48.9%, and geometric means for adjusted tIgE levels and S. mansoni egg counts were 2511.9 ng ml À1 and 15.5 count per gram of fecal matter, respectively. We thus had data on non-genetic factors known to affect tIgE levels and S. mansoni egg counts, namely sex, age, smoking history and infection by helminths present in the area, which allowed us to adjust the raw measures of tIgE levels and S. mansoni egg counts before tests for genetic marker effects.
Genetic associations between IL10 SNPs and tIgE levels and S. mansoni egg counts To best reflect the admixed Brazilian study population using available data from the International HapMap Project (Rel. 19/phaseII (Oct05), http://www.hapmap. org/), tagging SNPs in IL10 were selected using the Tagger algorithm 23 (implemented in HaploView http:// www.broad.mit.edu/mpg/tagger/; http://www.broad. mit.edu/mpg/haploview/) sequentially on genotypes from 30 trios from each of the two populations: Yoruba in Ibadan, Nigeria (YRI) and CEPH (Utah residents with ancestry from northern and western Europe) (CEU). 24 The promoter SNPs rs1800896, rs1800871 and rs1800872 were forced in, whereas SNPs with a minor allele frequency (MAF) of 10% or below were excluded. Linkage disequilibrium bins were defined as groups of SNPs with pairwise r 2 40.8. Six additional tagging SNPs were required to cover the gene. Genotyping was conducted using the TaqMan probe-based 5 0 -nuclease assays (Applied Biosystems, Foster City, CA, USA). If an assay failed on a sample, this was repeated up to three times. Genotyping call rates for the nine SNPs ranged from 93 to 99.6%. Mendelian inconsistencies were identified using Sib-Pair v.1.00a17 (http://www.qimr.edu.au/davidD/) and corresponding genotypes by SNP and nuclear family were set as missing. All nine SNPs were in HardyWeinberg equilibrium among unrelated founders (P40.001). The final set of nine SNPs with allele frequencies are displayed in Table 2 . All but two markers had a minor allele frequency40.1.
Pairwise linkage disequilibrium based on the D' statistic (a common measure of linkage disequilibrium) was calculated using HaploView (http://www-genome. wi.mit.edu/personal/jcbarret/haplo) among founders as shown in Figure 1 . Linkage disequilibrium blocks were defined using Gabriel et al.'s algorithm. 25 For IL10, markers fell into two blocks, with block 1 corresponding to the coding region and block 2 encompassing the promoter region.
As described previously, log10-transformed values of tIgE levels were adjusted for covariates age, sex, smoking status, household smoking exposure and helminthic infection status using STATA 8.2 (StataCorp LP, College Station, TX, USA). 19 Similarly, S. mansoni egg counts were adjusted for age, sex and four categories of exposure to infested water. 19 Associations between these nine markers and the two quantitative traits were tested under an additive model of inheritance, which has been shown to perform well even when the true genetic model is not additive (that is, dominant or recessive). 26, 27 The quantitative transmission disequilibrium tests (QTDTs) statistic tests whether the observed trait mean in offspring differs according to transmission of a particular marker allele to the child from a heterozygous parent (implemented in QTDT Version 4.6, http://www. sph.umich.edu/csg/abecasis/QTDT/). 28 An orthogonal model of association to estimate maximum-likelihoods for individual environment and polygenic genetic components was applied to test for both association and transmission disequilibrium at each marker. The phenotypic variance is partitioned into between-and within-family components. The family-based QTDT is robust to potential confounding due to population stratification, which is a particular advantage in this admixed Brazilian population. A total of 318 nuclear families were analyzed using QTDT. Associations with the promoter SNPs were evaluated at a nominal a ¼ 0.05 given selection of these markers under a strong a priori hypothesis, and tagging SNPs were evaluated at a more stringent a ¼ 0.005 (rounded under the Bonferroni correction for nine tests). QTDT software does not allow for estimation of haplotypic associations.
QTDT association test results are displayed in Table 3 . Alleles A, T and A at atopy-related promoter polymorphisms rs1800896, rs1800871 and rs1800872 were associated with higher tIgE levels (P ¼ 0.0008, 0.026 and 0.045). At the 5 0 end of IL10, we detected an association between allele A at intronic SNP rs3024495 and high S. mansoni egg counts (P ¼ 0.005). The two quantitative traits tIgE levels, representing activation of the TH2 pathway, and S. mansoni egg counts, reflecting global impact of TH2 effector mechanisms, provided a unique opportunity for the genetic dissection of the TH2 pathway in this context of schistosomiasis endemicity. For IL10 at the three promoter sites, the common allele (A) at rs1800896, and the minor alleles (T and A) at rs1800871 and rs1800872, showed significant associations with high tIgE levels in the same direction as highly replicated, published results from studies of atopy in non-parasitized populations. 16, 29 Our finding is consistent with a regulatory role of IL-10 upstream of TH2 activation, and thus suggests the IL10 promoter polymorphisms influence tIgE levels regardless of whether the TH2 stimulus is infection by helminths or allergens. Absence of evidence of association between IL10 promoter polymorphisms and S. mansoni egg counts suggests these promoter polymorphisms influence the turning on or off of atopy effector mechanisms (based on previously reported associations with asthma) and do not affect host defense effector mechanisms. The novel region of interest at the 3 0 end of the gene appears to influence S. mansoni egg counts, and, therefore, directly impacts helminthic host-defense effector mechanisms. Further replication of this initial finding, and further work dissecting the specific aspect of TH2 effector mechanisms implicated in this finding, are required. Our evaluation of variants in IL10 has demonstrated atopy-related TH2 pathway genes are good candidates for controlling host immunity to helminthic infections, and they may function through quite specific mechanisms.
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